NF-kB/RelA triggers innate inflammation by binding to bromodomain-containing protein 4 (BRD4), an atypical histone acetyltransferase (HAT). Although RelA$BRD4 HAT mediates acute neutrophilic inflammation, its role in chronic and functional airway remodeling is not known. We observed that BRD4 is required for Toll-like receptor 3 (TLR3)-mediated mesenchymal transition, a cellstate change that is characteristic of remodeling. We therefore tested two novel highly selective BRD4 inhibitors, ZL0420 and ZL0454, for their effects on chronic airway remodeling produced by repetitive TLR3 agonist challenges, and compared their efficacy with that of two nonselective bromodomain and extraterminal (BET) protein inhibitors, JQ1 and RVX208. We observed that ZL0420 and ZL0454 more potently reduced polyinosinic:polycytidylic acid-induced weight loss and fibrosis as assessed by microcomputed tomography and second harmonic generation microscopy. These measures correlated with the collagen deposition observed in histopathology. Importantly, the ZL inhibitors were more effective than the nonselective BET inhibitors at equivalent doses. The ZL inhibitors had significant effects on lung physiology, reversing TLR3-associated airway hyperresponsiveness and increasing lung compliance in vivo. At the molecular level, ZL inhibitors reduced elaboration of the transforming growth factor-b-induced growth program, thereby preventing mucosal mesenchymal transition and disrupting BRD4 HAT activity and complex formation with RelA. We also observed that ZL0454 treatment blocked polyinosinic:polycytidylic acid-associated expansion of the a-SMA1
Over 300 million adults and children suffer from asthma worldwide, making this disease a significant public health problem (1) . Asthma is a chronic inflammatory disorder of the airways whose clinical course is characterized by intermittent episodic exacerbations involving increased inflammation, bronchoconstriction, and airway obstruction that can require urgent medical intervention (2) . Epidemiological studies have shown that acute respiratory viral infections cause up to one-half to twothirds of asthma exacerbations (3) . Apart from acute morbidity from exacerbations, large-scale observational studies have demonstrated that individuals with asthma can exhibit a more rapid age-related decline in pulmonary capacity (4, 5) , and this process is accelerated by frequent exacerbations (6) (7) (8) (9) (10) . In fact, an accelerated decline in lung function due to frequent exacerbations is also characteristic of patients with fixed airway obstruction (11) . Because current therapies are effective in treating allergic inflammation but do not reverse structural remodeling (12) , an understanding of the pathways that link acute inflammatory exacerbations to airway remodeling is urgently needed, as highlighted by the Expert ATS Panel on airway remodeling (13) .
Airway remodeling is a constellation of structural changes in the airway, including epithelial injury, disruption of the epithelial barrier function, subepithelial collagen deposition in the lamina reticularis, myofibroblast hyperplasia, and smooth muscle hypertrophy linked with airway hyperresponsiveness (AHR) (9, 14, 15) . Although airway remodeling is a complex phenomenon that is influenced by allergic inflammation, increasing evidence suggests that the epithelial injury-repair response also plays an important role (12, 16) . Upon injury, epithelial cells secrete fibrogenic cytokines, including IL-6 and transforming growth factor b (TGF-b), that trigger myofibroblast transdifferentiation and secretion of extracellular matrix (ECM) proteins such as collagen (COL) and fibronectin 1 (FN1). Using a model of repetitive inflammation induced by viral pattern activation of the epithelial Toll-like receptor 3 (TLR3) pathway, we recently identified a molecular link among innate inflammation, mucosal cell state transition, and airway fibrosis (17, 18) . TLR3 activates epithelial NF-kB/RelA signaling in the proximal and small airways, acutely producing neutrophilic chemokines and inflammation, but chronic exposure triggers epithelial-mesenchymal transition (EMT) and interstitial collagen deposition (19) . These mesenchymal cell state changes are due to coordinated, global epigenetic reprogramming of over 3,000 genes mediated by histone acetyltransferases (HATs) (18) . However, the mechanisms by which acute inflammation leads to epigenetic reprogramming and airway remodeling are incompletely understood.
An important insight into how innate inflammation affects gene programs was provided by the discovery that RelA forms a complex with bromodomain-containing protein 4 (BRD4) in airway mucosa in response to respiratory viral infection, cytokine stimulation, TLR3 signaling, and TGF-b activation (20) (21) (22) (23) (24) (25) (26) . BRD4 is an acetylated histone reader with HAT activity that is responsible for acetylation of histone H3 on Lys residue 122 (H3K122Ac), a posttranslational modification that destabilizes nucleosome structure (25) . Importantly, we have found that BRD4 HAT activity is inducible and dependent on binding activated RelA (21) (22) (23) .
Using structure-guided drug design, we recently developed two highly selective small-molecule inhibitors specific for the BRD4 isoform (23) . Accordingly, in the present study, we used these medicinal chemistry probes to examine the role of BRD4 in TLR3-induced airway remodeling in vivo, using a mouse model developed to replicate recurrent virus-induced asthma exacerbations. Our findings indicate that mucosal BRD4 is required for mesenchymal transition and the production of paracrine factors that are important for myofibroblast transdifferentiation and airway fibrosis. The results obtained from administration of our highly selective novel BRD4 inhibitors indicate that they are nontoxic and effective in reversing the effects of repetitive airway viral infections on innate inflammationmediated airway remodeling. These novel compounds may represent a promising set of compounds for potential therapeutic development.
Methods
Details regarding the materials and methods used in this work are available in the data supplement.
Results

BRD4 Is Required for TLR3-initiated Mesenchymal Transition
We previously demonstrated that TLR3-induced innate signaling triggered mesenchymal transition of primary human small airway epithelial cells (hSAECs) in an NF-kB/RelA-dependent manner (27) . To determine whether this process requires BRD4, we first examined the effect of BRD4 silencing using siRNA-mediated transfection. BRD4 siRNA produced a .80% inhibition of basal BRD4 mRNA levels ( Figure 1A ). Although polyinosinic: polycytidylic acid (poly[I:C]) induced a twofold increase in steady-state BRD4 mRNA levels, BRD4 siRNA similarly silenced BRD4 expression in the mesenchymal state. We next evaluated the effect of BRD4 silencing on the core mesenchymal regulators. BRD4 depletion reduced the 13.8-fold increase in SNAI1 mRNA in control transfectants to 4.6-fold in BRD4 siRNA-transfected cells (P , 0.05). Similarly the 5.7-fold increase in ZEB1 mRNA was reduced to 2.1-fold ( Figure 1A ). Correspondingly, BRD4 depletion inhibited poly(I:C)-induced expression of the mesenchymal intermediate filament protein VIM mRNA, messages for the ECM-modifying gene program, including FN1, COL1A, and MMP9 mRNAs, as well as autocrine growth factor IL6 mRNA ( Figure 1A ). Collectively these data indicate that the TLR3-induced mesenchymal program requires BRD4 expression.
We recently synthesized two chemically distinct, highly selective BRD4 inhibitors that show a 30-fold greater selectivity for binding the BRD4 bromodomains (BDs) than the closely related BRD2 isoform (23) , and greater cellular potency than the prototypical inhibitors JQ1 and RVX208 (23) . To determine whether these inhibitors affected the poly(I:C)-induced mesenchymal transition in a manner similar to that of BRD4 siRNA depletion, we tested the effect of ZL0454 on the poly(I:C)-induced mesenchymal program in hSAECs. ZL0454 treatment significantly reversed the effect of tonic poly(I:C) on the downregulation of epithelial cadherin (CDH1) mRNA and reduced the 17-fold induction of SNAI1 mRNA to less than threefold, and the 8.6-fold induction of ZEB1 mRNA to less than twofold ( Figure 1B) . Similarly, the 56-fold ORIGINAL RESEARCH 
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Vehicle ZL0454 Figure 1 . Bromodomain-containing protein 4 (BRD4) mediates Toll-like receptor 3 (TLR3)-induced mesenchymal transition in human small airway epithelial cells (hSAECs). (A) Effect of BRD4 depletion. hSAECs were left untreated or stimulated with polyinosinic:polycytidylic acid (poly[I:C]; 10 mg/ml) for 15 days in the absence or presence of BRD4 depletion by siRNA-mediated transfection. Shown are qRT-PCR assays for BRD4 mRNA itself; the mesenchymal regulators SNAI1 and ZEB1; the extracellular matrix (ECM)-modifying genes COL1A, FN1, MMP9, and VIM; and autocrine growth factor IL6 mRNAs. Data are presented as fold-change mRNA abundance normalized to PPIA (cyclophilin A). *P , 0.01, n = 3. (B) Effect of a selective BRD4 inhibitor. hSAECs were untreated or stimulated with poly(I:C) (PolyIC) for 15 days in the absence or presence of the selective BRD4 inhibitor ZL0454. Shown is the fold change in normalized mRNA expression for mesenchymal regulators, the epithelial marker CDH1 (E-cadherin), ECM-modifying proteins, and IL6. (C) Toxicity assessment of selective BRD4 inhibitors. hSAECs were incubated with the selective BRD4 inhibitors ZL0420 and ZL0454 overnight at a final concentration of 0, 10, 20, 30, and 40 mM, respectively. The treated cells were collected, followed by flow-cytometric detection of apoptosis/necrosis by Annexin V/PE staining. Data are presented as the total percentage of cells in apoptosis and necrosis; n = 3. COL1A = collagen 1A; Con = control; FN1 = fibronectin; MMP9 = matrix metalloproteinase 9; SNAI = Snail family transcription factor; VIM = vimentin; ZEB = Zinc finger E-box-binding protein.
increase of VIM, the 6.2-fold increase of COL1A, the 129-fold increase of FN1, the 19.5-fold induction of MMP9, and the 52-fold induction of IL6 mRNAs were reduced to 8.6-fold, 1.8-fold, 20.4-fold, 4.3-fold, and 8.5-fold, respectively (P , 0.05, ANOVA; Figure 1B ). We conclude that the BRD4 inhibitors produced inhibition of the mesenchymal transition similar to that achieved with BRD4 depletion. Similar effects of ZL0420 were observed (not shown).
To identify any potential cytotoxic effects of our selective BRD4 inhibitors, we incubated hSAECs with ZL0420 or ZL0454 overnight at a final concentration of 0, 10, 20, 30, or 40 mM. The treated cells were collected, followed by flowcytometric detection of apoptosis/necrosis via Annexin V/PE staining. No apparent increase in cell death was detected in hSAECs treated with ZL0420 or ZL0454 up to a concentration of 40 mM ( Figure 1C ). These data indicate that our selective BRD4 inhibitors have no apparent cytotoxic effect.
To confirm that the inhibition of the mesenchymal gene-expression program was functionally significant, we examined the effect of the ZL BRD4 inhibitors on changes in epithelial morphology by fluorescence microscopy. The poly(I:C)-induced increase in actin stress-fiber formation was blocked by treatment with either ZL0420 or ZL0454 (Figures 2A and 2C ). Poly(I:C) induced a 9.2-fold increase in the nuclear abundance of H3K122 acetylation, a selective marker of BRD4 HAT activity (21) (22) (23) 25) . This epigenetic modification was reduced to nearly baseline by treatment with either ZL0420 or ZL0454 (Figures 2A and 2C ). By contrast, poly(I:C) had no effect on the global abundance of H3K14 acetylation (Figures 2A and 2C) , a BRD4-independent histone marker (25) . Importantly, H3K14Ac abundance was unaffected by either ZL inhibitor ( Figures  2A and 2C) . In a manner similar to that of H3K122Ac, the 7.2-fold increase in SNAI1 and 12.6-fold increase in VIM fluorescence were reduced to 1.6-and 2-fold by ZL0420 and ZL0454 treatment, respectively ( Figures 2B and 2C) . Finally, the 80% inhibition of CDH1 by poly(I:C) was attenuated to z15% by the BRD4 inhibitors ( Figures 2B and 2C ). These data indicate that the selective BRD4 inhibitors were highly effective in reducing the effects of chronic poly(I:C) on selective BRD4-induced chromatin markers, mesenchymal transition, and ECM remodeling.
In Vivo Efficacy of BRD4 Inhibitors in TLR3-induced Airway Remodeling
Tissue toxicological assessments. Previously, we observed that the mesenchymal transition was associated with airway remodeling in response to chronic TLR3 activation (27) . To evaluate the role of BRD4 HAT in this process, we sought to interfere with BRD4 HAT using selective small-molecule inhibitors that we recently developed (23) . To exclude the possibility that BRD4 inhibitors have systemic effects, we first evaluated whether escalating doses of ZL0454 had chronic toxicity in mice over 1 month of treatment. We observed that daily administration of parenteral ZL0454 (1-50 mg/kg) had no significant effects on body weight, hematological measures (white blood cells, red blood cells, and platelets), liver function (albumin, globulin, alkaline phosphatase, and alanine aminotransferase), or renal function (creatinine and blood urea nitrogen) ( Figure E1 in the data supplement). Moreover, ZL0454 had no discernible effects on hepatic or renal histology, as assessed by hematoxylin and eosin staining of organ tissue slices (not shown), which is consistent with the lack of cytotoxic effects noted above. Collectively, the lack of measurable toxicity at several levels of assessment indicated that our selective BRD4 inhibitor was well tolerated in vivo.
Efficacy assessments. We previously established a standardized mouse model of TLR3-induced mesenchymal transition and interstitial fibrosis designed to replicate frequent viral exacerbations (27) . In this model, airway remodeling was induced after repetitive intranasal challenges of the TLR3 agonist poly(I:C). We compared the efficacy of equivalent doses of the highly selective BRD4 inhibitors ZL0420 and ZL0454 with the prototypical nonselective bromodomain and extraterminal (BET) protein inhibitors JQ1 and RVX208 in this model (28, 29) (Figure E2 ). The repetitive administration of poly(I:C) alone (vehicletreated mice) induced a 20% reduction in body weight, an effect that was normalized by treatment with ZL0454 and ZL0420 inhibitors ( Figure 3A ). By contrast, mice treated with JQ1 showed an intermediate weight loss compared with poly(I:C)-treated mice, and mice treated with RVX208 were indistinguishable from those that received poly(I:C) treatment alone ( Figure 3A) .
Lung fibrosis assessments. To assess the distribution and degree of fibrosis in whole lung, we used high-resolution microcomputed tomography (micro-CT) imaging in vivo to systematically analyze the effects of poly(I:C) on airway remodeling, comparing the morphological features of PBS-treated animals with those of the poly(I:C) and poly(I:C) 1 ZL0454 treatment groups. In this approach, multiplanar images were acquired over regular breathing patterns under controlled anesthesia. For comparison, the crosssectional area at the level of the sixth thoracic vertebra was measured on the transverse views ( Figure 3B ). Consistent with our earlier observations, poly(I:C) induced a significant increase in parenchymal radiodensity caused by lung remodeling and increases in collagen content, most consistently in the left lower lobe ( Figure 3B ). In contrast, significantly fewer poly(I:C)-induced changes in tissue radiodensity were observed noninvasively in micro-CT images of ZL0454-treated mice ( Figure 3B ). Furthermore, the calculation of the cross-sectional area showed that the poly(I:C) treatment demonstrated a significant decrease in cross-sectional area, suggesting a component of restrictive airway disease ( Figure 3D ). However, this reduction was prevented in animals treated with ZL0454 ( Figure 3D) .
A systematic analysis of the micro-CT images of the mouse lungs demonstrates the influence of poly(I:C) treatment, which resulted in increasing the tissue radiodensity ( Figures 3C and 3E ), an effect that was prevented by treatment with ZL0454 ( Figures 3C and 3E ). Collectively, these data indicated that repetitive activation of the TLR3 pathway produced extensive remodeling primarily in the left lower lobe of the lung, as evidenced by micro-CT images used to assess the presence or absence of changes in tissue density in control versus treated animals.
Microscopy (using the method of multiphoton microscopy combined with second harmonic generation microscopy) (27) provided a three-dimensional representation of lung fibrosis (second harmonic generation microscopy;
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Tian, Liu, Litvinov, et al.: Inhibitors of BRD4 Reduce Airway Remodeling Figure 3F , green) throughout the full lung structure (multiphoton microscopy; Figure 3F , red), avoiding the bias of sectioning (30) . A marked pattern of peribronchial collagen deposition was observed tracking with the major bronchioles and smaller conductive airways ( Figure 3F ). These data indicate that TLR3-driven, innate inflammationinduced remodeling results in increased peribronchial and subepithelial collagen deposition. 
B
Histological Analysis of the Effects of BRD4 Inhibitors on TLR3-induced Airway Remodeling
We evaluated the correlation between the changes observed by micro-CT and tissue fibrosis by comparing the changes in radiodensity with histological Masson's trichrome stains of lung sections. In untreated animals, poly(I:C) induced marked epithelial hypertrophy, disruption of the epithelial barrier with subepithelial myofibroblast expansion, interstitial collagen deposition, and alveolar hypercellularity/inflammation ( Figure 4A ). By contrast, these effects were largely mitigated by ZL0454 and ZL0420 treatments, which restored the epithelial morphology, reduced subepithelial collagen deposition, and reduced subepithelial myofibroblast expansion ( Figure 4A ). Although JQ1 showed minor improvements in fibroblast expansion and alveolar inflammation, RVX208 had no effect at the doses used (not shown).
The effect of the selective BRD4 inhibitors on global fibrosis and collagen content was quantified by modified Ashcroft scoring (31) . In untreated animals, poly(I:C) increased the Ashcroft score to 9.5, which was reduced to 1 by the selective BRD4 inhibitors ( Figure 4B ); this effect was statistically significant (P = 0.018). JQ1 reduced the Ashcroft score to an intermediate level, 5.2 (P = 0.037 compared with poly(I:C) alone), whereas RVX208 reduced the effect to 8.4 (not significant compared with vehicle-treated animals). Similarly, a more than threefold increase in the hydroxyproline content of the BAL fluid was nearly normalized by the selective BRD4 inhibitors ZL0454 and ZL0420, with JQ1 showing an intermediate effect and RVX208 showing no effect ( Figure 4C) . A similar pattern of reduced collagen accumulation was observed in measurements of total lung hydroxyproline content ( Figure 4D ).
Effects of BRD4 Inhibition on Airway Responsiveness and Lung Physiology
In allergic airway remodeling, increased peribronchial subepithelial collagen deposition can contribute to fixed airways obstruction, whereas airway smooth muscle hypertrophy/hyperplasia can contribute to enhanced bronchoconstrictive responses to allergens (9, 32) . To determine the effects of innate inflammation-induced airway remodeling on airway physiology and its dependence on BRD4, we assessed control mice, poly(I:C)-treated mice, and poly(I:C)-treated mice treated with ZL0454 using a FlexiVent. As shown in Figures 5A-5C , dynamic measures of lung resistance (R), tissue damping (G), and elastance (stiffness [H]) in mice administered poly(I:C) were elevated, indicating hyperresponsiveness to methacholine (MCh), which is suggestive of enhanced bronchoconstrictive responses and changes in lung tissue secondary to the development of fibrosis. ZL0454 treatment resulted in significant reductions in these measures, and the reestablishment of lung resistance, tissue damping, and elastance profiles to levels similar to those observed in control (PBS-treated) mice. In similarity to the dynamic measurements, passively measured constitutive lung tissue characteristics (no MCh) in mice administered poly(I:C) demonstrated significant changes in lung tissue impedance ( Figure 5D ) and decrements in lung compliance (Figures 5E and 5F), consistent with the development of enhanced tissue stiffness. These effects were reversed with ZL0454 treatment. area under the expiratory compliance curve ( Figure 5I ). Overall, similar to what was found with the dynamic measurements ( Figures 5A-C and 5G) , treatment with ZL0454 reversed the changes observed in passively measured constitutive lung tissue properties induced by poly(I:C) ( Figures 5D-5F , 5H, and 5I). (27) . To examine the effect of BRD4 inhibitors on this inducible mesenchymal transition, we assessed mesenchymal transition using gene expression and immunofluorescence microscopy. First, total lung mRNA was extracted and the expression of mesenchymal transition programs was measured by qRT-PCR. In a manner consistent with our earlier studies, repetitive poly(I:C) stimulation resulted in a 3.1-fold increase in murine (m) SNAI1 expression; this induction was completely inhibited in the animals treated with ZL0454 and ZL0420 ( Figure 6A ). When we quantified the expression of mesenchymal intermediate contractile proteins, we observed that poly(I:C) produced a 6.9-fold increase in mVIM, an effect that was also completely reversed by ZL0454 and ZL0420. Analysis of the mesenchymal core transcription factors showed that poly(I:C) produced a 7.8-fold increase in ma-SMA, a 7.3-fold increase in mCOL1A, a 9.7-fold increase in mFN1, and a 6.3-fold increase in mMMP9 mRNAs. These inductions were all significantly reduced by the BRD4 inhibitors ( Figure 6A ). In addition to inhibition of the 5.9-fold upregulated mIL6 mRNA, a 4.3-fold increase of the NF-kB-dependent mKC gene was similarly reduced by both BRD4 inhibitors. Meanwhile, both ZL0420 and ZL0454 also induced mHEXIM1 expression, indicating that these compounds interacted with BRD4 in the mouse lung tissue ( Figure E3 ) (23) .
BRD4 Inhibitors
To confirm the functional inhibition of BRD4 HAT activity at the protein level, we conducted immunofluorescence microscopy on the unique H3K122Ac product. Poly(I:C) induced a striking 12.6-fold increase in mucosal H3K122Ac staining, and this effect was reduced to control levels by either ZL0420 or ZL0454 treatment ( Figure 6B ). This result indicated that the target of the BRD4 inhibitors was activated and directly reduced by BRD4 inhibitor treatment in vivo. Correspondingly, the 14.3-fold upregulation of SNAI1, the 11.2-fold increase of FN1, and the 17.6-fold increase of mucosal VIM produced by repetitive TLR3 activation was blocked by either BRD4 inhibitor ( Figure 6B ). All of these data indicated that the mucosal mesenchymal transition and BRD4 HAT activity induced by TLR3 signaling was inhibited by both ZL compounds.
Activated RelA binds to BRD4 (21, 22) , an interaction that is mediated by the BRD4 BD domain, which is a target of BRD4 inhibitors (23) . To measure this molecular interaction in the airway mucosa, we used a proximity ligation assay, which detects atomic-distance interactions between two molecules (22) . After heterotypic antibody staining, oligonucleotide ligation, and PCR amplification, RelA-BRD4 interactions appear as fluorescent foci in situ (22) . We observed that poly(I:C)-increased RelA-BRD4 binding was increased by 19.6-fold, and this interaction was disrupted by both ZL420 and ZL0454 treatment ( Figure 6C ).
BRD4 Inhibitors Block Inflammationinduced Myofibroblast Transdifferentiation In Vivo
Myofibroblasts are a dynamic population of mesenchymal cells that play a fundamental effector role in ECM deposition in airway remodeling (9, 32, 33) . To determine the effect of poly(I:C) on the myofibroblast population and understand the effect of BRD4 inhibitors on these profibrotic cells, we examined the presence of a-SMA 1 /COL1A
1 cells in the submucosa by immunofluorescence microscopy. Poly(I:C) induced a dramatic upregulation of both a-SMA and COL1A in the subepithelium ( Figure E4A ). The merged images indicate a robust increase in the a-SMA 1 /COL1A 1 myofibroblast population. An average of 36 costaining cells per high-power field were observed in the poly(I:C)-treated animals, compared with zero in the PBS-treated mice ( Figure E4B , P , 0.01). Importantly, this population of cells was absent in the lungs from BRD4 inhibitor-treated mice ( Figure E4B ), indicating that TLR3 inflammation induces recruitment or transdifferentiation of the myofibroblast population.
Poly(I:C)-induced Mesenchymaltransitioned Cells Produce BRD4-Sensitive Paracrine Factors that Induce Myofibroblast Transdifferentiation In Vitro
Subepithelial fibroblasts within the attenuated fibroblast sheath (collectively referred to as the epithelial-mesenchymal trophic unit) (34) play a key role in tissue differentiation, epithelial polarization, and airway remodeling in disease (35, 36) . Previous studies have suggested that epithelial injury controls growth factors (n = 9/group), showing tissue areas of low density (21,000 to 2600 HU) as green color, and areas of higher tissue density (2300 to 2200 HU) as red color. Relative density ranges are as shown on the density color bar. Note the appearance of increased red coloration in mouse lungs with poly(I:C) administration, which reverts back toward green colorations, similar to control lungs, with ZL0454 treatment. (D) Quantitation of crosssectional area at T6 (n = 9 mice/group). (E) Comparison of whole-lung micro-CT tissue density. Density data from mice treated with PBS (control; black bars, n = 9), poly(I:C) (white bars; n = 9), and poly(I:C) 1 ZL0454 (gray bars; n = 9), based on image analyses of lungs from each group, including those shown in C. Bars are means 6 SE; *P , 0.05; n.s. = not significant for comparisons indicated by brackets; 0 = density signal not detected for PBS and poly(I:C) 1 ZL0454 groups, at the highest density range of 2200 to 2100 HU. Inset: micro-CT image signal histograms of an example comparison of the volume of lung tissue over the full range of tissue density for a single whole lung from a control (PBS-treated) mouse (blue bars), and a mouse administered poly(I:C) (red bars), showing a significant rightward shift in the density signal consistent with lung tissue of higher density, which is associated with development of lung fibrosis. (F) Visualization of collagen accumulation via second harmonic generation microscopy (SHGM). Two-photon cross-sections show collagen deposition around the airways in the PBS and poly(I:C) groups. Contrast is provided by tissue autofluorescence (red) and SHGM collagen signal (green). This is a mosaic image; for details see SUPPLEMENTARY METHODS AND MATERIALS in the data supplement. HU = Houndsfield units.
that control myofibroblast proliferation (37) . To determine whether the TLR3 signaling-induced mesenchymal state affects epithelial-fibroblast interactions, and whether such interactions require BRD4 signaling, we adapted a coculture system. HSAECs were cultured under basal conditions or transitioned into the mesenchymal state by chronic poly(I:C) stimulation in the absence or presence of the ZL0454 inhibitor and seeded on Millicell filters. After 48 hours, the inserts were extensively washed free of the inducer/inhibitor and transferred into a submerged culture of normal human lung fibroblasts (NHLFs) (Figure 7A ). At this point, the hSAECs were in mesenchymal transition, as demonstrated by the presence of actin stress fibers and enhanced VIM expression ( Figure 7B ). Next, we examined the phenotype of the underlying NHLFs. The hSAECs that were induced into mesenchymal transition by poly(I:C) triggered a myofibroblast transdifferentiation characterized by enhanced a-SMA and phalloidin staining in immunofluorescence microscopy. Also, the EMT hSAEC-mediated myofibroblast transdifferentiation of NHLFs was completely blocked by ZL0454 treatment ( Figure 7C) . A similar pattern was observed in the 3.8-fold upregulation of a-SMA, the threefold upregulation of COL1A, and the 2.8-fold upregulation of FN1 mRNAs ( Figure 7D ). All of these increases were reduced to the levels observed for NHLFs in the hSAECs treated with poly(I:C) and ZL0454. We conclude that TLR3-mediated inflammation induces a BRD4-dependent paracrine release of soluble factors that control myofibroblast transdifferentiation.
Discussion
Viral upper-respiratory-tract infections are repetitive and chronic, and are responsible for periodic exacerbations of asthma and chronic obstructive pulmonary disease. These exacerbations necessitate unscheduled medical visits and are linked to a progressive decline in pulmonary function (6, 7, 38 Total lung RNA was extracted, purified, and reverse transcribed. The abundance of the indicated mRNAs was determined using mouse gene-selective primers. Shown is the mean fold-change mRNA abundance (6 SD) normalized to mouse cyclophilin (mPPIA) for n = 5 animals from each treatment group. *P , 0.01 compared with PBS-treated controls; # P , 0.01 compared with poly(I:C)-treated mice; n = 6 in each group. (B) Induction of the mesenchymal program in the airway. For each treatment group, lung sections were fixed, permeabilized, and incubated with anti-H3K122Ac, SNAI1, FN1, and VIM antibodies, and then stained with Alexa Fluor 488-or Alexa Fluor 568-conjugated goat anti-rabbit IgGs (shown in green or red, respectively), counterstained with DAPI, and imaged via confocal fluorescence microscopy. On the right is the mean FI determined in five sections. *P , 0.01 compared with PBS-treated controls; # P , 0.01 compared with poly(I:C)-treated mice; n = 6 in each group. (C) In situ proximal ligation assay (PLA) of RelA$BRD4 complex formation. Paraffin-fixed tissue sections from PBS-, poly(I:C)-, or poly(I:C) 1 BRD4i-treated mice were subjected to PLA using anti-mouse BRD4 and anti-rabbit RelA antibodies. Nuclei are counterstained in DAPI (blue); interacting proteins appear as red foci. Images were acquired by confocal microscopy at 363 magnification. Note the intense foci formed in the epithelium. Right: quantification of FI. *P , 0.01 compared with PBS-treated controls; # P , 0.01 compared with poly(I:C)-treated mice; n = 6 in each group. Scale bars: 50 mm.
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airway epithelial cells and fibroblasts derived from patients with asthma (39). Our study extends that observation to demonstrate that epigenetic reprogramming is functionally mediated by BRD4 HAT in inflammation-induced mesenchymal transition in vitro and airway remodeling in vivo. A surprising finding from our earlier studies was that chronic TLR3-mediated activation triggers mesenchymal transition through an IkB kinase-NF-kB pathway (27) . In the present study, we advance this understanding to demonstrate that chronic TLR3 ligation triggers NF-kB/RelA$BRD4 complex formation, a step linked to BRD4 HAT activation, followed by NF-kB-dependent targeting BRD4 HAT to innate and mesenchymal gene expression programs (21, 22) . Although previous work has shown that BRD4 is required for mesenchymal transition mediated by the TGF-b growth factor (21, 40) , the role of BRD4 in innate inflammation-induced mesenchymal transition has not been demonstrated. Our studies show that BRD4 HAT is required for poly(I:C) to induce CDH1 downregulation, activate expression of core mesenchymal transactivators, stimulate ECM remodeling, and secrete paracrine factors for myofibroblast transition, playing a central role in inflammation remodeling.
Chemical Probes Reveal that BRD4 Plays a Central Role in Inflammation Remodeling
Our mechanistic studies have shown that BRD4 is a central mediator of the growth factor-induced mesenchymal transition triggered by NF-kB/RelA activation (21) . BRD4 is a member of a superfamily of BET family proteins, sharing the BD motif. Within the BET family, BRD4 is unique in that it interacts with the CDK9-containing transcriptional elongation complex through its C-terminal tail. Previously, we have shown how activated NF-kB complexes with BRD4 and controls antiviral innate immunity (20, 22) , as well as the initiation of so-called "type II" EMT (mesenchymal transition of normal cells) (18) , by activating gene expression programs involving transcriptional elongation. The findings of enhanced H3K122Ac formation by poly(I:C) exposure and its inhibition by BRD4 inhibitors provide direct evidence that BRD4 HAT activity is inducible by the innate signaling pathway in vivo. H3K122Ac is a histone modification that enables histone repositioning to promote transcriptional elongation of the NFkB-regulated mesenchymal program (25) . Our current findings in vitro and in vivo validate BRD4 HAT as a potentially viable therapeutic target for the modulation of airway remodeling in response to viral inflammation.
The development of small-molecule inhibitors of BRD4 has been the subject of intense efforts because of its role in malignancy and metastatic disease (28, 41) . Currently, no commercially available small-molecule inhibitor is highly BRD4 selective (41) . Our recent development and validation of ZL0454 as a highly specific BRD4 inhibitor with nanomolar binding affinity and 30-fold specificity over the closely related BRD2 isoform will advance the field by providing a useful probe for testing the role of BRD4 in pathophysiological conditions in vivo (23) .
The mechanism by which BD-targeted inhibitors disrupt BRD4-dependent transcription is believed to involve multiple actions. These include our finding that RelA recruitment and Pol II phosphorylation are disrupted by BD-directed small-molecule inhibitors, indicating that the BRD4 BD plays a central role in coordinating the formation of a stable preinitiation complex (23, 24) . Similarly, BRD4 BD inhibitors displace BRD4 from high-affinity chromatin-binding sites (23, 42) and disrupt the multiple protein-protein interactions that are necessary for BRD4 function, including those with Pol II and RelA (23, 43) . Because of these complex actions, BRD4 is an attractive therapeutic target for the modulation of airway remodeling in viral infection-induced remodeling. Importantly, in the present study, our highly selective small-molecule BRD4 inhibitors showed no evidence of systemic toxicity at doses that interfered with BRD4 action in vivo. Thus, we believe that their application will advance our understanding of the role of BRD4 in the cell-state transitions that underlie airway remodeling.
Viral Pattern-induced Remodeling Produces Functional Changes in Airway Physiology
The poly(I:C)-associated increases in both dynamic lung tissue damping (which indicates increased tissue resistance to lung expansion; Figure 5B ) and dynamic lung stiffness (as elastance [H]; Figure 5C ) are consistent with changes in lung tissue characteristics that would be expected to be associated with the development of lung fibrosis. Similarly, the increases in dynamic lung resistance with MCh ( Figure 5A ) and the increased constitutive resistance portion of the impedance parameter (as the real portion; Figure 5D ) are likewise indicative of increased airway and lung tissue resistances to airflow resulting from poly(I:C) administration and the development of fibrosis. Furthermore, the significant decrease in lung compliance, the compliance slope parameter, and the area under the compliance curve ( Figures 5E, 5F , 5H, and 5I) observed with poly(I:C) administration are also consistent with changes in lung characteristics that would be associated with the development of lung fibrosis. Importantly, each change in these dynamic and constitutive properties of the lung induced by poly(I:C) was inhibited with ZL0454 treatment, indicating an important role for BRD4 inhibition in the prevention of lung fibrosis and its attendant diminution of lung function.
In Vivo Lung Imaging Analyses Indicate Inhibition of Lung Fibrosis with BRD4 Inhibition
Our histopathological findings, along with those from in vitro whole-lung microscopic imaging studies demonstrating poly(I:C)-induced changes in the collagen content of the lungs and the effectiveness of ZL0454 in inhibiting lung fibrosis, are consistent with the results of micro-CT imaging. Specifically, this analysis indicates that local changes in the radiodensity of lung tissue are caused by increases in collagen deposition. These observations are consistent with previous findings in the bleomycin model (44, 45) , where a correlation between changes in mouse lung radiodensity and fibrosis characterized by excessive collagen deposition was validated by histopathological analysis. Micro-CT has several important advantages that enable researchers to perform longitudinal assessments of airway remodeling and identify heterogeneous patterns of fibrosis, which are characteristic of both the bleomycin model and innate inflammation-mediated remodeling. This validation approach will enable the application of micro-CT in future studies for longitudinal assessments of the heterogeneous patterns of fibrosis in inflammation-mediated remodeling. Furthermore, the observations that we have made based on in vitro and in vivo whole-lung imaging studies are consistent with the poly(I:C)-dependent lungfunction changes outlined above, such as an increase in lung stiffness ( Figure 5C ) and a decrease in both lung compliance ( Figure 5F ) and the Salazar-Knowles slope parameter ( Figure 5H ). The changes in whole-lung intermediate density and very high tissue density after poly(I:C) administration were likewise consistent with the significant increment in the G/H parameter ( Figure 5G ), which is considered to indicate a loss of functional lung volume and an increase in lung heterogeneity. Again, these changes in measured lung physical and responsiveness characteristics are consistent with fibrotic lung tissue modifications, which were particularly evident as the significant increase in the very-high-density tissue range ( Figure 3E) . As with the lung-function characteristics mentioned above, these poly(I:C)-dependent tissue-density modifications were inhibited by ZL0454 treatment, indicating that BRD4 inhibition may be a potent approach for inhibiting the development of lung fibrosis.
Inflammation-induced Mesenchymal Transition Mediates Myofibroblast Expansion via a Paracrine Mechanism
The processes that control airway remodeling involve complex intercellular communication between the epithelium and stromal fibroblasts. Asthma exacerbations associated with disruption of the epithelial barrier induce the secretion of epithelial growth factors (TGF-b and epidermal growth factor) and cytokines (e.g., periostin, IL-17, and IL-11) that are important for mucosal repair (46) . Our studies link the presence of stable EMT in the airways produced by innate inflammation with expansion of the subepithelial myofibroblast population. Myofibroblasts are central effector cells that are responsible for excessive ECM deposition of COL-I, COL-III, and FN1 in the lamina reticularis. The myofibroblast population is dynamic, increasing during the late phase of allergic inflammation (36) , refractory asthma (47) , and actively progressing chronic obstructive pulmonary disease or recurrent asthma (48) . Pulmonary myofibroblasts originate from a variety of sources, including resident mesenchymal cells, epithelial and endothelial cells undergoing mesenchymal transition (EMT/EndoMT), perivascular fibroblasts (pericytes), and circulating bone marrow stem cells ("fibrocytes") (8, 49, 50) . Our study was not designed to differentiate between these populations, but rather to determine whether stromal fibroblasts respond to paracrine factors secreted from mesenchymal-transitioned cells and then transition to functionally active myofibroblasts. Our demonstration that ZL0454 blocks the expression of these paracrine factors provides a mechanistic insight into how BRD4 inhibitors interfere with innate inflammation-driven fibrosis.
Our work has implications for the mechanisms and consequences of frequent viral-induced exacerbations in humans with chronic airway disease, informing a potentially viable strategy to prevent structural airway remodeling under those conditions. Importantly, our validation of the activation of the NF-kB-BRD4 pathway and its therapeutic effect in blocking airway remodeling and sensitization may be used in future therapeutic approaches to modify pathological responses to airborne pathogen exposures. Our current work also indicates that BRD4 inhibition can inhibit airway inflammation, remodeling, and myofibroblast expansion associated with cat dander exposure, suggesting that the BRD4 pathway is an important mediator in coupling innate and adaptive immune responses. These data identify BRD4 as an attractive target for developing novel epigenetic treatments for allergen-and virus-associated airway inflammation, and possibly control of airway remodeling. n Author disclosures are available with the text of this article at www.atsjournals.org.
